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A B S T R A C T   

The results of a study of the dynamic (alternating current magnetic susceptibility) and static magnetic properties, 
as well as 57Fe Mössbauer spectrometry and ferromagnetic resonance of two-line ferrihydrite nanoparticle sys-
tems with varying intensities of magnetic interparticle interactions are reported. The strength of the magnetic 
interparticle interactions has been tuned by coating (with various degrees of coating) the ferrihydrite particles 
(2–4 nm in size and an average size ~2.7 nm) of the initial synthetic sample by arabinogalactan. Also, a biogenic 
ferrihydrite sample (an average particle size of 2-nm) with a natural organic coating was studied and it has the 
weakest magnetic interparticle interactions among of all the samples. Relaxation times of the particle’s magnetic 
moment were determined by the data of static and dynamic magnetic susceptibilities and from analysis of 57Fe 
Mössbauer spectrometry. Based on the temperature dependences of the relaxation times, it has been concluded 
that the predominantly collective processes of freezing of the particle magnetic moments occur under the action 
of the magnetic interparticle interactions. It is shown that an important role in these processes is played by a 
magnetic subsystem of the surface spins of the particles. The effect of the interplay between the surface spin and 
magnetic moment subsystems on the static magnetic properties (low-temperature magnetic hysteresis loops) and 
the parameters of the microwave absorption line under the magnetic resonance conditions is discussed.   

1. Introduction 

The range of applications for magnetic nanoparticles is being 
continuously expanded, both in technical and biomedical areas. Along 
with the evolving ideas about their use in biomedicine and microelec-
tronics [1], magnetic nanoparticles have recently been found promising 
for ecology as sorbents of heavy elements [2] and for magnetic 
field-enhanced catalysis [3]. To use nanoparticles in these fields, a 
fundamental knowledge of their behavior under specific environmental 
conditions is needed, which requires a comprehensive study of magnetic 
nanoparticle systems. Here, of great importance are both the search for 
new synthesis techniques and materials exhibiting magnetic properties 
at the nanoscale and the targeted magnetic characterization of newly 
synthesized materials. Due to surface and size effects, nanoparticles 
acquire new properties which differ from those of their bulk analogs and 

to properly exploit these effects, various nanoparticle systems should be 
thoroughly investigated. 

At the same time, a real material containing nanoparticles is already 
an ensembly of particles and its characteristics are determined not only 
by the individual properties of particles, but also by the properties of the 
entire ensemble. This manifests itself, first of all, in the impact of the 
magnetic interparticle interactions (MIPIs), especially in composites 
highly filled with nanoparticles [4]. Obviously, the MIPIs can become 
apparent when the interparticle distances are such that the MIPI energy 
is comparable to the energy of the magnetic anisotropy of an individual 
particle. The MIPIs can manifest themselves in the response to both an ac 
magnetic field and a field that changes with a large gradient; if particles 
are dispersed in a liquid, they will stick together after switching on an 
external magnetic field. In biomedical applications, e.g., magnetic hy-
perthermia, the MIPIs drastically affect the value of the heating effect 
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[5]. This MIPI problem has been solved for many years [6–9] and is still 
urgent when characterizing new magnetic nanomaterials [10–28]. 

Depending on the distances between particles and features of their 
crystallochemical properties, the MIPIs can have different origins: 
magnetic dipole–dipole interactions or direct and indirect exchange of 
spins of surface atoms of neighboring particles. A reasonable way to 
purposefully tune the MIPI intensity is the spatial separation of particles. 
When it is done, a synthesized material is either a composite with par-
ticles evenly distributed in a non-magnetic medium or a powder 
(including that dissolved in a liquid) with particles uniformly coated 
with a layer of a non-magnetic material. 

Using this approach, a system of ferrihydrite nanoparticles with the 
nominal chemical formula Fe2O3 ×nH2O coated with natural poly-
saccharide arabinogalactan to different degrees was obtained. Iron 
oxyhydroxide only exists at the nanoscale. The magnetic moments of the 
iron atoms in ferrihydrite are ordered antiferromagnetically [29], which 
causes a weak magnetic response. Meanwhile, due to defects on the 
surface and in the bulk of the particles, ferrihydrite exhibits the 
above-mentioned new nanoscale property: an uncompensated magnetic 
moment [30,31]. Therefore, the magnetic moments of ultrafine (several 
nanometers) particles attain hundreds of Bohr magnetons and ferrihy-
drite can be considered to be a magnetically active nanomaterial 
[32–35]. According to the data on several investigated ferrihydrite 
powder systems [36–42], the MIPIs affect noticeably their magnetic 
properties. In [40] the possibility of obtaining synthetic ferrihydrite 
nanoparticles with an organic (arabinogalactan) coating was demon-
strated. In [41] the dynamic magnetic properties (ac magnetic suscep-
tibility) of ferrihydrite systems were investigated. In the cited works, 
two nanoparticle systems were studied: the initial chemical ferrihydrite 
with strong MIPIs and chemical ferrihydrite with the MIPIs significantly 
weakened by coating of the nanoparticles. This study explores a series of 
samples with different degrees of coating of the initial ferrihydrite with 
arabinogalactan and, hence, different MIPI effects, and a biogenic fer-
rihydrite sample with a natural organic coating formed during the vital 
activity of microorganisms. The central objective of this study was to 
trace the change in the static and dynamic magnetic properties and the 
magnetic resonance properties (ferromagnetic resonance and 57Fe 
Mössbauer spectrometry) of a series of powder systems and to establish 
the role of the MIPIs in the formation of these properties. 

2. Experimental 

2.1. Sample preparation 

Samples of ferrihydrite nanoparticles with different degrees of 
coating with arabinogalactan (AG) were obtained by hydrolysis of iron 
(III) nitrate with dosed addition of AG at one of the stages, which was 
described in detail in [40,42]. A series of the samples included initial 
ferrihydrite without AG (sample FH-0) and three samples with different 
AG contents: FH-1, FH-2 and FH-3. In the synthesis, the individual 
nanoparticles in both the initial and AG-coated samples were assumed to 
have a ferrihydrite “core” of the same size. This assumption was sup-
ported by electron microscopy, magnetic measurement and Fe57 

Mössbauer spectrometry data from [38–40,43]. 
Biogenic ferrihydrite was obtained by cultivating the Klebsiella oxy-

toca bacteria and separating ferrihydrite nanoparticles from the prod-
ucts of their vital activity; the technique used was described in detail in 
[43,44]. According to the previous results, ferrihydrite nanoparticles 
with an average size of 2.0 nm have a natural organic coating. This 
sample is hereinafter referred to as FH-bio. All the samples selected for 
the investigations (both synthetic ferrihydrite with AG and biogenic 
ferrihydrite) were powder systems. 

2.2. Experimental techniques 

The transmission electron microscopy (TEM) investigations were 

carried out on a Hitachi HT7700 transmission electron microscope at an 
accelerating voltage of 100 kV. According to the results of the micro-
structural characterization (see Supplementary materials), the average 
particle size of the ferrihydrite particles (without taking into account the 
organic shell) is 2.7 nm for samples FH-0, FH-1, FH-2 and FH-3 and 2.0 
nm for sample FH-bio. Selective area electron diffraction (SAED) pat-
terns contain two diffuse rings, which point out that these samples 
belong to the so-called two-line ferrihydrite. 

Mössbauer spectra were obtained on an MS-1104Em spectrometer 
(Research Institute of Physics, Southern Federal University, Russia) in 
the transmission geometry with a Co57(Rh) radioactive source, for the 
temperature range of 4–300 K using a CFSG-311-MESS cryostat, with the 
sample in the exchange gas based on a closed-cycle Gifford–McMahon 
cryocooler (Cryotrade Engineering). The modulating signal of motion of 
the radioactive source was specified by a triangular pulse. The sample, 
with a relative thickness of 5 mg/cm2, was placed in 10 µm thick 
aluminum foil and the obtained pellet was pressed and mounted on a 
low-temperature insert of the cryostat under continuous evacuation. The 
spectra were processed in the original software by changing the entire 
set of hyperfine parameters, using the least squares method in the linear 
approximation. 

The temperature dependences of the ac magnetic susceptibility were 
measured on a Quantum Design Physical Property Measurement System 
(PPMS-9) at frequencies of 10, 100, 1000 and 10000 Hz with an ac field 
amplitude of 2 Oe. The measurements of the temperature dependences 
of magnetization M in weak dc fields (2, 10, 20 and 50 Oe) were per-
formed on a SQUID magnetometer [45]. The M(T) dependences in 
stronger fields (0.1–50 kOe) and M(H) hysteresis loops were measured at 
T = 4.2 K on a vibrating sample magnetometer [46]. The M(T) de-
pendences were obtained in the zero-field cooling (ZFC) and field 
cooling (FC) modes at temperatures obviously higher than the temper-
ature of the irreversible behavior of the magnetization in the specified 
field. During the magnetic measurements, the investigated powder was 
fixed in paraffin in a measuring capsule. The magnetization data are 
presented in emu units reduced to the powder weight. 

X-band ferromagnetic resonance (FMR) spectra were recorded on a 
Bruker ELEXSYS 560 spectrometer at a microwave radiation frequency 
of ~9.4 GHz in the temperature range of 100–300 K. In these mea-
surements, the powder samples were fixed in epoxy resin. 

3. Dynamic properties 

3.1. Temperature dependences of the ac susceptibility and low–field 
magnetization 

Fig. 1a shows FC and ZFC temperature dependences of the magne-
tization M obtained in a probe field of H = 2 Oe and temperature de-
pendences of the real part of the ac magnetic susceptibility χ′ (the ac 
field amplitude is 2 Oe) for all the investigated samples. The χ′(T) de-
pendences contain a peak which shifts to the high-temperature region 
with the increasing ac field frequency. The dc magnetization maximum 
under the ZFC conditions corresponds to a lower temperature than the 
susceptibility peak at a frequency of f = 10 Hz. The discrepancy between 
the ZFC and FC M(T) dependences (i.e., the influence of thermomagnetic 
prehistory) is observed starting with a temperature somewhat higher 
than the temperature of the M(T)ZFC maximum. 

Due to the uncompensated magnetic moment of the ferrihydrite 
nanoparticles (see Introduction), the described behavior of the χ′(T) and 
M(T) dependences is a typical manifestation of the processes of super-
paramagnetic unblocking of the particle magnetic moments that occur 
with the increasing temperature. These processes can be described by 
the classical N é el–Brown equation at time τ of the particle magnetic 
moment reversal:  

τ = τ0⋅exp(Keff⋅V/kT)⋅                                                                      (1) 
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Here, τ0 is the particle magnetic moment relaxation time (usually 
10–9–10–13 s [31]), K is the magnetic anisotropy constant, V is the par-
ticle volume and k is the Boltzmann constant. It follows from Eq. (1) that 
the superparamagnetic (SPM) blocking temperature is:  

TB = K⋅V /ln(τm/τ0)⋅k⋅                                                                      (2) 

Formula (2) implies that, at temperature TB, the characteristic time 
τm of the experimental procedure coincides with τ (τ = τm). In the 

Fig. 1. Temperature dependences of (a) the real part of ac magnetic susceptibility χ′ and dc magnetization M under the ZFC and FC (in a field H = 2 Oe) conditions 
(on the left) and (b) imaginary part of ac magnetic susceptibility χ′′ (on the right) at frequencies of 10, 100, 1000 and 10000 Hz for the samples under study. The 
sample weights in the ac and dc measurements were the same. The legend in the bottom figure on the left (a) corresponds to all the data. 
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magnetic measurements, the τm value is determined by the ac field 
frequency τm = 1/(2π⋅f) and, for static magnetometry, amounts to 
10–100 s [31]. The TB value can approximately be determined as the 
maximum temperature in the χ′(T) or M(T)ZFC dependence. In Fig. 1a, 
one can see a qualitative agreement with the prediction of Eq. (2): with 
decreasing τm, the temperature of the transition to the SPM state in-
creases. Note that in the temperature region starting slightly above the 
χ′(T) maximum temperature at the maximum frequency, the χ′(T) de-
pendences for all the frequencies and the M(T) dependence coincide, 
which is a sign of the SPM state. 

The data presented in Fig. 1a reveal a trend that can be clearly seen 
when comparing the positions of the χ′(T) and M(T)ZFC maxima (here-
inafter, Tmax) for different samples: the temperature Tmax decreases in 
the series FH-0, FH-1, FH-2, FH-3 and FH-bio. Taking into account the 
identical size and properties of the particles (see Section 3), this 
behavior contradicts the prediction of Eq. (2) and is obviously related to 
the effect of the MIPIs. An increase in the temperature Tmax and, in fact, 
in the temperature of the transition to the SPM state are a sign of the 
impact of the MIPIs in a system of magnetic nanoparticles, as observed 
by many authors [11,13,15,16,21,23,27]. One can state a monotonic 
decrease in the temperature Tmax with the growing amount of added AG, 
which speaks about an effective decrease in the MIPI influence after 
coating of the ferrihydrite particles. Interestingly, the data on the sample 
FH-bio, in which the organic coating was formed during the synthesis, 
also fall within the scope of the MIPI influence. This sample exhibits the 
lowest Tmax values among all the samples, although the difference be-
tween the Tmax values for FH-bio and FH-3 may be caused by the 
somewhat smaller particle size in the sample FH-bio (see Supplementary 
materials), according to Eq. (2), in which TB ~ V. 

There is another MIPI-related feature in the temperature behavior of 
the magnetization under the FC conditions. The M(T)FC dependences for 
samples FH-bio and FH-3 are the functions increasing over the entire 
temperature range, including the region below Tmax. Such a shape can be 
considered classical for non-interacting or weakly interacting particles. 
With a decrease in the added AG amount (or an increase in the MIPI 
intensity), the M(T)FC dependences either weakly depend on tempera-
ture or decrease with it. The described reshaping of the M(T)FC depen-
dence in the series FH-0, FH-1, FH-2, FH-3 and FH-bio occurs quite 
monotonically, which also confirms a consistent decrease in the degree 
of the MIPIs in these samples. 

Fig. 1b presents the temperature dependences of the imaginary part 
of the ac magnetic susceptibility χ′′. Let us consider their fairly obvious 
features. The χ′′(T) maxima shift towards higher temperatures with 
increasing frequency, while the temperatures of the χ′′(T) maximum are 
somewhat lower than the Tmax values in the χ′(T) dependences measured 
at the same temperature. For samples FH-0, FH-1, FH-2, FH-3 and FH- 
bio, the χ′′(T) peaks shift to the low-temperature region monotonically, 
as the χ′(T) data present in Fig. 1a. However, there are qualitative dif-
ferences in the χ′′(T) behavior for the samples, with different degrees of 
the MIPI effect. 

The first thing that catches one’s eye is a characteristic χ′′(T) plateau 
observed for sample FH-0 below the χ′′(T) maximum temperature 
(Fig. 1b, on the top). This plateau-like shape also appears for sample FH- 
1. For the other samples, such a plateau is not visualized. In [41], this 
χ′′(T) behavior was modelled for samples FH-0 and FH-3 using a 
well-known approach [15,16]. It was assumed that the imaginary part of 
the ac magnetic susceptibility characterizes dissipation in two sub-
systems: the subsystem of particle magnetic moments (the uncompen-
sated magnetic moments of antiferromagnetically ordered ferrihydrite 
particles) and the subsystem of surface spins. The peak at high tem-
peratures corresponded to the first subsystem and the plateau (named a 
shoulder in [47]) was compared with the processes occurring in the 
surface spin subsystem. The anisotropy energy distribution functions for 
these subsystems served as fitting parameters. For sample FH-3, in which 
the MIPI effect is insignificant, the experimental data obtained at 
different frequencies were described at the same parameters of the 

anisotropy energy distribution functions of both systems (for a suc-
cessful fit, it was necessary to take into account the contributions of both 
subsystems; the contribution of the surface was insignificant). At the 
same time, when describing the χ′′(T) dependences for the sample FH-0 
at different frequencies, it was necessary to change the width of the 
distribution function of the second subsystem, corresponding to the 
surface spins. In other words, in the sample in which neighboring par-
ticles contact directly, the surface spin subsystem becomes, to a certain 
extent, common to many particles. 

There is another feature [48] that should be noted in the χ′′(T) evo-
lution with a decrease in the MIPI influence. The maximum χ′′ value (at 
the temperature of the distinct χ′′(T) peak) increases with frequency 
(Fig. 1b). For samples FH-3 and FH-bio, in which the MIPI effect is weak, 
the maximum χ′′ value tends to decrease with the increasing frequency. 
The described change in the behavior of the χ′′ peak amplitude is 
consistent with the data reported in [48,49]. 

3.2. Evolution of the Mössbauer spectra 

Fig. 3 shows the Mössbauer spectra of the investigated ferrihydrite 
samples recorded in the temperature range of 4–300 K. At room tem-
perature (Fig. 2a), the spectra of all the samples are paramagnetic 
doublets consisting of three components, found previously when 
studying ferrihydrite nanoparticles [50,51]. Since, according to the 
available neutron diffraction data, the ferrihydrite magnetic ordering 
temperature is ~350 K [29], the quadrupole form of the spectrum is 
indicative of the SPM state of the nanoparticles (this was also confirmed 
by our magnetization measurements). The partial doublets correspond 
to three non-equivalent positions of iron, with different degrees of local 
distortions, which are determined in 57Fe Mössbauer spectrometry by 
the quadrupole splitting (see Table S1). The isomeric shifts of the iron 
positions point out the trivalent high-spin state of the iron cations. The 
ratio between the relative areas of these doublets in the spectrum is close 
to 3:2:1 for all the samples. This means that, in terms of local distortions 
of the crystal field and the distribution of the iron cations, the nano-
particle coating does not lead to any significant changes in the ferrihy-
drite structure. At the lowest temperature, 4.2 K (Fig. 2c), the spectra are 
fully resolved, which indicates blocking of the nanoparticle magnetic 
moments. The Mössbauer parameters of the spectra are similar and 
imply the similarity of the magnetic states of the nanoparticles in all the 
samples. Here, it should be noted that the intensities of spectral line 
pairs 1–6, 2–5 and 3–4 (the sextet lines are numbered from left to right) 
for sample FH-bio differ strongly from the characteristic of the powder 
sample (3:2:1, respectively). This is caused by broadening of the outer 
lines due to the hyperfine magnetic field distribution [52]. 

Despite the similarity of the parameters and shape of the spectra at 
300 and 4.2 K, the behavior of the samples at intermediate temperatures 
is essentially different. It is known well that the magnetic moment of 
SPM nanoparticles is oriented along a certain direction determined by 
the crystallographic anisotropy – the possible anisotropy of a particle 
shape [31]. A decrease in temperature leads to the appearance of an 
allowed Zeeman sextet. However, the dynamics of this process is 
strongly different due to the MIPI influence, as can be clearly seen in 
Fig. 2b for the spectra recorded at 30 K. One can see quite distinctly that, 
at this temperature, sample FH-0 with uncoated particles has a resolved 
sextet with somewhat broadened outer lines, which indicates the 
appearance of a certain cone of the total magnetic moment of a particle. 
This is caused by the thermal fluctuations reflected in Arrhenius-type Eq. 
(1). As was shown recently [41,42], the formation of a nanoparticle 
coating leads to a decrease in the number of interacting nanoparticles (in 
the cluster volume). This is equivalent to a decrease in the number of 
interacting single magnetic moments on the surface, which lowers the 
magnetic moment blocking temperature. As a result, at a fixed tem-
perature (30 K), in the samples with the increasing degree of coating 
(the weakening MIPI effect), one can observe the monotonic broadening 
of the outer sextet lines during a gradual transition to the relaxation 
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form for sample FH-3 and, further, to the quadrupole doublet shape for 
sample FH-bio with the highest degree of nanoparticle coating. This 
allows us to conclude that the MIPIs increase not only the blocking 
temperature but also the rate of the relaxation process of blocking the 
nanoparticle magnetic moments. 

Let us now turn to the temperature dependences of the average hy-
perfine magnetic field <Нhf> , presented in Fig. 3 for all the samples of 
ferrihydrite nanoparticles with MIPIs of different intensities. One can 
see a monotonic change in the <Нhf> (Т) dependence during the for-
mation of a coating on the nanoparticle surface. For samples with the 

strongest MIPIs (FH-0 and FH-1), the hyperfine magnetic field decreases 
more slowly than in the samples with a thick particle coating (FH-bio 
and FH-3). At the same time, in the case of ferrihydrite particles with the 
natural (FH-bio) and artificial (FH-3) coatings, the hyperfine field be-
haves similarly. The small discrepancy can be attributed to some frac-
tion of residual interparticle interactions in FH-3. A similar situation is 
observed for the second pair of samples (FH-0 and FH-1). In order words, 
the rate of the decrease in <Нhf> on iron nuclei changes monotonically 
upon variation in the MIPI energy. This energy can be estimated using 
Eq. (3), which takes into account the contribution of energy Eint of the 
interparticle interactions in the linearized temperature dependence of 
the hyperfine magnetic field [31,53,54]: 

〈
Hhf

〉
(T) =

〈
Hhf 0

〉
(

1 −
kBT

2KV + Eint

)

(3) 

Here, Hhf (T = 4 K) is the hyperfine magnetic field at the minimum 
temperature, which, in our experiment, was 4.2 K. Since the particle size 
in the samples is independent of the degree of coating, it can be assumed 
that the anisotropy constants K in these nanoparticle ensembles are also 
similar. Having performed the linearization of the low-temperature 
portions in Fig. 3, taking into account the angle of inclination, the 
estimated MIPI energies Eint are 157, 98 and 80 kB for FH-0, FH-1 and 
FH-2, respectively. It should be noted that, in the samples with the 
highest degree of natural nanoparticle coating (H-3 and FH-bio), the 
slope of the <Нhf> (Т) dependence at Т < Tmax increases sharply and 
approaches the limit when the interparticle interactions in the material 
are completely absent. This case can easily be modelled using Eq. (2) by 
equating the term Eint to zero. Analyzing the residual MIPI energies in 
samples FH-3 and FH-bio (24 and 7 kB, respectively), one can assume 

c

Fig. 2. Mössbauer spectra of the samples at selected temperatures. The experimental spectra are shown by dots; the solid line corresponds to the mathemat-
ical processing. 

Fig. 3. Temperature dependence of the hyperfine magnetic field for the 
investigated samples with different degrees of nanoparticle coating. The fitting 
error is less than the symbol size. 
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that it is extremely difficult to completely get rid of the MIPIs during the 
formation of an organic coating, and other synthesis methods are needed 
to eliminate them. At the same time, the preserved interparticle in-
teractions in this case may indicate the retention of some chemical bonds 
between individual nanoparticles. 

The relaxation spectra (see Fig. 2b) can provide information about 
the relaxation time of the particle magnetic moments [55,56]. Taking 
into account that the difference between the precession angles in an 
antiferromagnetic nanoparticle is small, the number of possible pre-
cession states is much less than the corresponding number of states of a 
ferromagnetic nanoparticle [57]. Therefore, the relaxation times of the 
nanoparticle magnetic moments were determined using the model 
proposed in [55]. The resulting relaxation times τ, given in Table S1, are 
used below, in Subsection 3.3. 

3.3. Testing of the τ(T) dependences by the Vogel–Fulcher and scaling 
laws 

The temperature TB is usually considered as the temperature of the 
transition from the unblocked (SPM) state of the particle magnetic 
moment at T > TB to its blocked state at T < TB. The blocking processes 
in non-interacting particles are described by Eqs. (1) or (2). If particles 
interact strongly, the transition from the SPM to blocked state can have a 
collective character; then, the blocked state can be considered as a state 
of frozen magnetic moments of particles [14,20,25,58]. The individual 
blocking processes can be distinguished from the collective processes by 
checking the applicability of Eqs. (1) or (2), or the relationships that take 
into account the MIPIs to the experimental data. 

In our case, the time window for such an analysis at the characteristic 
particle magnetic moment reversal time τ (τ = τm = (2π⋅f)–1, see Sub-
section 3.1) is ~1.6⋅(10–5–102) s, as the unblocking (freezing) temper-
ature, below the maximum temperature Tmax in the M(T)ZFC and χ′(T) 
dependences (Fig.S1) is used. In addition, in Subsection 3.2, using the 
processing of the relaxation components of the Mössbauer spectra ac-
cording to the model [55], characteristic times τ at some temperatures 
were obtained, which can be considered as the times of reversal of the 
particle magnetic moment. Fig. 4 shows a set of the data obtained for the 
investigated sample series in the (τ, T) coordinates (the y axis in this 
figure has a logarithmic scale). One can see a monotonic decrease in the 
temperature of the transition to the SPM state in the sample series FH-0, 
FH-1, FH-2, FH-3 and FH-bio for the entire time range used. 

Since Eq. (1) can be rewritten in the form.  

ln(τ/τ0) = K⋅V/(k⋅T),                                                                        (4) 

to check the applicability of Eq. (1), the experimental τ vs T data are 
plotted in Fig. 5 in the Arrhenius coordinates (the logarithmic scale has 
been used for τ and the abscissa axis is 1/T). It can be seen that the 
experimental data cannot be described by the linear dependence 
following from (4). This additionally indicates the inapplicability of the 
approach used for the investigated samples as systems of non-interacting 
particles.1 

The simplest way to estimate the energy of the MIPIs is to test the 
applicability of the phenomenological Vogel–Fulcher law [17]. By 
analogy with Eq. (4), this law can be written as.  

ln(τ/τ0) = K⋅V/(k⋅T – k⋅T0)⋅                                                               (5) 

In Eq. (5), the larger the T0 value, the greater the MIPI contribution. 
Mathematically, the introduction of T0 shifts the divergence of Eqs. (1) 
and (4) from T = 0 to T0. It can be shown that there is certain corre-
spondence between the T0 value and the MIPI energy if the latter is 
additive to the magnetic anisotropy energy (K⋅V) [39]. There are two 
criteria for the applicability of Eq. (5) to the experimental results ob-
tained. The first criterion is the straightening of the experimental data in 
the coordinates ln(τ/τ0) and 1/(T–T0) at a certain T0 value; the second 
criterion is that the τ0 values fall within a reasonable time range of 
10–9–10–13 s. Fig. 6 presents an example of the data linearization in the 
above-mentioned coordinates. The experimental points for each sample 
fit well to straight lines; therefore, T0 can be considered to be an inde-
pendent fitting parameter. The straight lines in Fig. 6 are the results of 
fitting by Eq. (5) with the already obtained T0 value. In the fitting pro-
cedure, the magnetocrystalline energy K • V was assumed to be the same 
for samples FH-0, FH-1, FH-2 and FH-3, and can be slightly different for 
sample FH-bio due to the identity of the properties and particle sizes. 
The obtained τ0 values range within 10–9–10–13 s (Table 1), which 

Fig. 4. Temperature dependences of time τ (logarithmic scale) for the inves-
tigated samples (symbols). Solid curves show the results of fitting according to 
the scaling law (6) and short-dashed curves, the results of fitting according to 
the Vogel–Fulcher law (5). The dependence obtained using Eq. (1) at K⋅V 
= 1.44⋅10–14 erg/cm3 and τ0 = 10–12 s is also presented. 

Fig. 5. Dependences of time τ (logarithmic scale) on reciprocal temperature 
(experimental points Tmax shown by symbols) for the investigated samples. 
Solid curves correspond to the fitting according to the Vogel–Fulcher law (5). 

1 If we limit the consideration to the experimental range of times τ corre-
sponding to the measured ac magnetic susceptibility (10–2–10–5 s), the linear-
ization of the data from Fig. 4 yields unphysically small τ0 values in Eq. (4) and 
the extracted τ0 values tend to decrease monotonically in the sample series FH- 
bio, FH-3, FH-2, FH-1 and FH-0. This additionally confirms the enhancement of 
the MIPI effect in this sample series. 
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indicates the fulfillment of the second criterion for the applicability of 
Eq. (5) to the data obtained. Note that the energy values K V are typical 
of ferrihydrite nanoparticles [38–40]. A monotonic decrease in T0 in the 
sample series FH-0, FH-1, FH-2, FH-3 and FH-bio (Table 1) indirectly 
evidences for a monotonic decrease in the MIPI effect in this series. The 
obtained fitting dependences are also presented in Fig. 6. 

If the Vogel–Fulcher law is phenomenological and following the 
experimental data of dependence (5) is a statement of the existence of 
MIPIs, then the possible collective nature of the blocking or freezing of 
the particle magnetic moments can be established from the applicability 
of the scaling law to spin glasses. As applied to the nanoparticle mag-
netic moments (in our case, to the uncompensated magnetic moments of 
ferrihydrite particles), the term superspin glass or superspin glass state 
(SSG) is used. This scaling law can be written in the form:  

τ = τ0⋅(T/TSG – 1)–zν⋅                                                                       (6) 

The functional dependence (6) demonstrates the divergence at the 
temperature TSG, which, in fact, is the temperature of freezing of the 
particle magnetic moments or, in other words, the temperature of the 
transition to the SSG state. In Eq. (6), the value of the combined expo-
nent zν [14,20,58] may indicate the implementation of the SSG state. In 
general, this exponent reflects several important physical parameters: ν 
is the critical exponent of the correlation length ξ and z is the dynamic 
index: τ ~ ξz [59]. Thus, the scaling law exponent zν can be used to 
evaluate the effect of interparticle interactions on the rate of relaxation 
of the nanoparticle magnetic moments during the formation of a 
spin-glass-like state in the nanoparticle ensemble samples. 

The fulfillment of the scaling law (6) by the data obtained is illus-
trated in Fig. 8, in which the data is plotted in the coordinates τ and (T/ 

TSG – 1) and a double logarithmic scale is used. The straight lines in  
Fig. 7 show the results of the best fit at the zν values indicated in the 
figure. The τ0 values are given in Table 1; they are reasonable. The zν 
values (see also Table 1; the zν error can be specified as ~0.2) change 
monotonically as the MIPI strength changes and lie within the limits 
corresponding to the SSG state2 [14,20,58,60,61]. The critical indices 
obtained are similar to those observed earlier for single-crystal samples 
with the spin-glass behavior [62]. At the same time, the exponent in Eq. 
(6) for the nanoparticle systems have a fairly wide spread [9,58]. In this 
regard, it is particularly interesting to establish the origin of this spread. 
As was shown for a number of core–shell and core–void–shell systems 
and hollow nanoparticles [58], this exponent increases monotonically 
and significantly; in addition, the τ0 parameter decreases by two orders 
of magnitude [58]. Taking into account that there are no interactions 
between the nanoparticles, it can be stated that an increase in the zν 
value is directly related to the interactions in a system. 

Let us return to the data representation in the direct coordinates τ 
(logarithmic scale) and T used above in Fig. 4. In addition to the 
experimental points, in this figure, the Vogel–Fulcher and scaling fits 
are shown by dashed and solid lines, respectively. In the Vogel–Fulcher 
law, the τ value approaches the τ0 value asymptotically. In the scaling 
law, τ becomes equal to τ0 at a temperature of about 2TSG and then 
decreases with an increase in T. This limits the time and temperature 
ranges of applicability of the concept of freezing of the particle magnetic 
moments (the transition to the SSG state). On the other hand, the K⋅V 
value obtained above by fitting allows us to model the behavior of the 
temperature dependence of τ for completely non-interacting particles. 
Fig. 4 shows such a dependence calculated using the Neel–Brown Eq. 
(1) at the magnetocrystalline energy value obtained by fitting by the 
Vogel–Fulcher law (K • V is taken for the sample series FH-0, FH-1, FH- 
2 and FH-3, see Table 1). It can be concluded from the mutual 
arrangement of the experimental points and the fitting dependences 
obtained according to the scaling law and the N é el–Brown equation 
that, at sufficiently high temperatures, the thermal fluctuations domi-
nate both over the magnetocrystalline anisotropy and the MIPIs. The 

Fig. 6. Linearization of the experimental data (symbols) in the coordinates τ 
(logarithmic scale) and 1/(T – T0) according to the Vogel–Fulcher law (5). 
Straight lines correspond to the fitting by Eq. (2) (the R-factor is not less than 
0.95). The fitting parameters (including T0) are given in Table 1. 

Table 1 
Parameters obtained from the Vogel–Fulcher law (Eq. (5)) and scaling law (Eq. 
(7)).   

Vogel–Fulcher analysis Scaling law analysis 

Sample T0 (K) EA (erg/cm3) τ0 (s) TG (K) zν τ0 (s) 
FH-0 45.4 2⋅10–14 6⋅10–12 49.5 6.75 1⋅10–11 

FH-1 31.5 2⋅10–14 6⋅10–12 35.4 7.5 4⋅10–11 

FH-2 17.8 2⋅10–14 2⋅10–12 21.5 7.7 5⋅10–10 

FH-3 14.5 2⋅10–14 1⋅10–12 18.5 8.0 2.5⋅10–10 

FH-bio 10.3 1.45⋅10–14 1⋅10–12 12.75 10.4 5⋅10–11  

Fig. 7. Dependences of time τ (logarithmic scale) on reduced temperature T/ 
TSG – 1 (logarithmic scale) for the investigated samples (symbols). Solid straight 
lines show the results of fitting according to scaling law (5). The zν values used 
in the fitting are indicated. 

2 Interestingly, weak but retained MIPIs in the sample FH-bio also result in 
the SSG-like behavior, although, at significantly lower temperatures. The zν 
value is close to the “upper” limit of the range of the SSG state (4− 12). 
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characteristic time of reversal of the particle magnetic moments is 
~10–12 s. As the temperature decreases, the magnetic moments of the 
particles freeze due to the MIPI contribution, which is well-described 
within the SSG state. On the other hand, the shape of the temperature 
dependences of the imaginary magnetic susceptibility of the particles 
(the presence of a shoulder) reveal an important role of the surface spins 
in the formation of the SSG state of the particle magnetic moments 
themselves. In the investigated sample series FH-0, FH-1, FH-2, FH-3 
and FH-bio, the effect of the MIPIs and the surface spins weakens 
monotonically. 

Since the organic (artificial) coating reduces the MIPIs, our in-
vestigations reliably demonstrate the importance of the surface mag-
netic moments in the formation of a collective frozen state of magnetic 
ferrihydrite nanoparticles. This can be considered efficiently as the 
formation of some granular magnetic material with interacting magnetic 
grains (nanoparticles). Weakening of the interactions leads to the 
collapse of the collective state; then, the magnetic behavior of a material 
is determined directly by the parameters of anisotropy of individual 
nanoparticles. A similar behavior is observed in bulk spin-glass mate-
rials. For example, a neutron scattering study provided direct micro-
scopic evidence for the presence of magnetically correlated spin clusters 
with an average size of ~2 nm under freezing of the cluster spin glass in 
the Ca(Fe1/2Nb1/2)O3 perovskite [63]. 

4. Static magnetic properties 

4.1. Field dependence of the transition to the unblocked state 

A common property of systems of magnetic nanoparticles is a shift of 
the SPM blocking temperature to the low-temperature region with an 
increase in the external field. In the previous section, devoted to the 
description of the dynamic properties of the investigated sample series, 
the static magnetometry data (ZFC and FC M(T) dependences (Fig. 1a)) 
in a field of H = 2 Oe were also presented. Taking into account the ev-
idence for the SSG state obtained in Subsection 3.3, here, instead of the 
SPM blocking/unblocking terms, the freezing/thawing of the particle 
magnetic moments should rather be used. Usually, it is the temperature 
of the M(T)ZFC maximum that characterizes these processes. The results 
reported in [42] for samples FH-0, FH-1, FH-2 and FH-3 in fields from 
100 to 30 kOe confirmed that the external field affects the shift of the 
temperature Tmax somewhat differently at different MIPI contributions. 
Indeed, in a field of H = 2 Oe (Fig. 1a), the difference between the Tmax 
values for samples FH-0 and FH-bio is ~46.4 K, while in a field of H 
= 5 kOe, this difference is already 23 K. This is illustrated in Fig. 8.3 In 
addition, this figure shows the data obtained for the sample FH-0 at H 
= 50 kOe (inset in Fig. 8a) and for sample FH-bio at H = 10 and 30 kOe 
(inset in Fig. 8c; in fields of up to 4.2 K, the M(T)ZFC maximum for 
sample FH-bio is already absent). 

This study presents the resulting Tmax(H) dependences obtained in 
external fields from 2 Oe to 50 kOe for all the samples, including FH-bio. 
They are shown in Fig. 9 (inset), in which the abscissa axis is logarith-
mic. It can be seen that, in sufficiently strong fields (5 kOe and more), 
the difference between the Tmax values of different samples (in K) be-
comes somewhat smaller than in a weak field. The main plots in Fig. 9 
are the dependences of Tmax normalized to Tmax(H = 2 Oe) on external 
field H (logarithmic scale). These data allow us to conclude that, in the 
case of the strongest MIPIs (sample FH-0), the normalized Tmax(H) 
dependence is qualitatively different from similar dependences for the 
samples with the weak MIPIs. In fields of up to 103 Oe, the Tmax value for 
sample FH-0 is almost field-independent (even a slight Tmax growth is 
observed in fields of hundreds of Oe) and only further, with increasing 
H, does the Tmax value drop. For sample FH-1, the Tmax values in fields of 
2 and 20 Oe are approximately the same, while in stronger fields Tmax 

Fig. 8. ZFC and FC temperature dependences of magnetization M in a field of H 
= 5 kOe for samples (a) FH-0, (b) FH-1 and FH-2, and (c) FH-3 and FH-bio. 
Inset to (a): M(T)ZFC and M(T)FC dependences for sample FH-0 at H 
= 50 kOe. Inset to (b): M(T)ZFC and M(T)FC dependences for sample FH-bio at H 
= 10 and 30 kOe. The asterisk position in (a) corresponds to the temperature 
Tmax in the M(T)ZFC dependence. 

Fig. 9. Field dependences of the M(T)ZFC maximum temperature Tmax (loga-
rithmic scale) normalized to the Tmax value at H = 2 Oe for the investigated 
samples. The inset shows the Tmax(H) dependences (H is the logarithmic scale). 3 The data presented in Fig. 9 were not reported in [42]. 
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decreases. The normalized Tmax(H) dependences for samples FH-1, FH-2, 
FH-3 and FH-bio behave similarly. Therefore, in addition to the effect of 
the MIPIs on the Tmax value (see Subsection 3.1), the MIPIs also affect 
the Tmax shift toward lower temperatures with the increasing external 
field, i.e., Tmax(H) dependence. In sufficiently strong fields (5 kOe and 
more), Tmax decreases by approximately the same factor for all the 
samples. 

The magnetic moments of particles in the frozen state are not only 
affected by the magnetic anisotropy of the individual particles (the en-
ergy K⋅V), but a non-uniform spatial distribution of the fields of scat-
tering from the magnetic moments of particles is apparently 
implemented. The magnetic moment per ferrihydrite particle is 
150–200 Bohr magnetons [31–33,35,37,39] and the Zeeman energy of 
such a magnetic moment in a field of ~103 Oe is 5–10 K. Possibly, under 
the ZFC conditions, energy lower than this value is insufficient to 
destroy the frozen state of the system of the particle magnetic moments 
at temperatures below Tmax in a weak field (2 Oe). In Subsection 3.1, it 
was shown, using the behavior of the imaginary part of the ac suscep-
tibility (Fig. 1b), that the surface spin subsystem dominates in estab-
lishing the frozen state. It can be assumed with a high degree of certainty 
that it is the interaction between the subsystems of the surface spins and 
magnetic moments of particles that gives rise to the atypical dependence 
(almost field-independent) of the Tmax temperature on the external field 
in the range of up to 103 Oe for the sample with the strongest MIPI effect 
(FH-0). 

4.2. Magnetic hysteresis loops 

Obviously, a system of magnetic nanoparticles in the blocked state 
should exhibit magnetic hysteresis. The magnetization hysteresis loops 
for the investigated samples at T = 4.2 K are shown in Fig. 11 (in this 
figure, the data for samples FH-1, FH-2, FH-3 and FH-bio are shifted 
along the y axis by –10, –20, – 30 and –40 emu/g, respectively). The 
shape of the M(H) dependences is typical of systems of antiferromag-
netic nanoparticles [35,61–63] and, according to a number of works, 
can approximately be described by several terms:  

M(H) = MFM(H) + MSS(H) + MAFM(H)⋅                                            (8) 

The first term is the ferromagnetic component, reflecting the 
behavior of the uncompensated magnetic moments of particles (in the 
SPM state, MFM(H) is described by the Langevin function). The second 
term is the magnetic response from the subsystem of surface spins [35, 
64–66]; at temperatures well above Tmax, the MSS(H) dependence is 
described by the Brillouin function. The processing of the χ′′(T) de-
pendences showed that, in addition to the transition of the magnetic 
moments of particles to the SSG state, the subsystem of surface spins is 
frozen (see Subsection 3.3). At low temperatures, the magnetic response 
from this subsystem can be considered to be approximately linear with 
respect to the field [67], although spin glasses also exhibit magnetiza-
tion hysteresis [49]. Finally, the third term, MAFM(H), corresponds to the 
antiferromagnetic susceptibility of the particles themselves (the particle 
cores) [64–66]. The MAFM(H) dependence, in the first approximation, is 
linear with respect to field, similar to an antiferromagnet with a random 
distribution of the crystallographic axes. 

The main feature observed in Fig. 10 is a decrease in the coercivity 
HC in the sample series FH-0, FH-1, FH-2, FH-3 and FH-bio (the HC 
values at T = 4.2 K in this sample series are 4.1, 2.6, 1.9, 1.7 and 
1.0 kOe). Taking into account the identity of the particle sizes (at least 
for FH-0, FH-1, FH-2 and FH-3) and the above-established weakening of 
the MIPI effect (see Subsection 3) in this sample series, it can be 
concluded that it is the presence of the MIPIs that leads to an increase in 
the coercivity. To explain such a strong impact of the MIPIs on the HC 
value, it is necessary to investigate the possible nature of the MIPIs. The 
energy of the magnetic dipole–dipole interactions (with an allowance 
for 10–12 nearest neighboring nanoparticles) in synthetic ferrihydrite 

(in fact, in sample FH-0) is no higher than 10 K [41,42]; therefore, here, 
a direct or indirect exchange (or super-exchange) between atoms of 
neighboring particles should be considered [31]. This exchange should 
be implemented precisely through surface atoms, since their bond with 
the particle core is weakened. In addition, surface atoms are external 
with respect to the particle; therefore, the shortest chains of exchange 
couplings are implemented precisely through surface atoms. The role of 
the spins of surface atoms in the established SSG state was found from 
the χ′′(T) dependences (see Subsections 3.1 and 3.3, and [41]); the 
interplay of the subsystems of surface spins and magnetic moments of 
particles apparently causes the observed coercivity growth in the sample 
series FH-3, FH-2, FH-1 and FH-0. In other words, the first two terms in 
Eq. (8) become interrelated at T < Tmax. A similar conclusion was drawn 
from the pulsed magnetization switching in NiO nanoparticles [69]. 
Note that, in Fig. 10, in addition to the monotonic change in the HC 
value, it can be seen that the field corresponding to the irreversible M(H) 
behavior also changes. At least for samples FH-bio and FH-3, one can 
speak about a closed hysteresis loop at a maximum applied field of 
60 kOe. However, the hysteresis loops for samples FH-0 and FH-1 are 
open. The interaction between the particle magnetic moments through 
the surface spins and the interaction between the subsystems of the 
particle moments and surface spins can give rise to the irreversible 
behavior of the magnetization. The apparent drop of the magnetic 
moment in the sample series FH-0, FH-1, FH-2, FH-3 and FH-bio is most 
likely due to a smaller amount of ferrihydrite and, consequently, a 
greater amount of polysaccharide. 

5. X-band magnetic resonance 

The ferromagnetic resonance (FMR) technique is widely used to 
characterize and study the magnetic state of magnetic nanoparticle 
systems [70–93]. However, parameters of observed FMR spectra often 
cannot be interpreted with confidence. It was demonstrated in the pre-
vious sections how the dynamic and static magnetic properties of sys-
tems of ferrihydrite nanoparticles change upon variation in the MIPI 
intensity. Therefore, based on these results, one can compare the pa-
rameters of the FMR spectra for the investigated samples and find the 
variation in these parameters with the change in the MIPI intensity. 

Fig. 10. M(H) hysteresis loops for the investigated samples at T = 4.2 K. The 
data for samples FH-1, FH-2, FH-3 and FH-bio are shifted along the y axis by 
–10, –20, –30 and –40 emu/g, respectively. 
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Typical FMR spectra are presented in Fig. 11 (at temperatures around (a) 
130 and (b) 255 K). The spectra of samples FH-0, FH-1, FH-2 and FH-3 
are single Lorentzian lines. The spectra of sample FH-bio can be 
described by two Lorentzian lines. 

Fig. 12 shows temperature dependences of the parameters of the 
FMR spectra obtained from the processing of the Lorentzian curves: 
linewidth ΔH (Fig. 11a), resonance field HR (inset in Fig. 12b) and in-
tegral intensity I normalized to the value at T = 290 K. The resonance 
field at 100–300 K ranges only within several tens of Oe and changes 
slightly from one sample to another. The largest linewidth is observed 
for the sample FH-0; for the remaining samples (including line 1 for the 
sample FH-bio), the ΔH values and their temperature dependences are 
approximately the same. Accordingly, the strong MIPIs lead to a sig-
nificant broadening of the FMR spectra. In single-domain magnetic 
nanoparticles, the particle magnetic moments precess under the mag-
netic resonance conditions; in ferrihydrite, the uncompensated magnetic 
moments do. Under the resonance conditions, the surface spins coupled 
weakly to the magnetically ordered particle core also precess. The FMR 
linewidth is strongly affected by local (scattering) fields induced by the 
magnetic moments of neighboring particles [80,81]. As the temperature 
decreases, the role of local fields becomes more significant, which 
manifests itself in the ΔH growth. Under the MIPI conditions, the 

developed particle surface should lead to a strong inhomogeneity of 
local fields and, consequently, to broadening of the resonance absorp-
tion line. This can explain the larger linewidth for sample FH-0. The 
inhomogeneity of local fields apparently manifests itself in the direct 
contact of particles, which is observed in sample FH-0. When the FMR 
spectrum is recorded, the interacting particles are affected not only by 
an external magnetic field, but also by the scattering magnetic fields 
induced by neighboring nanoparticles. These scattering fields are 
spatially inhomogeneous and decrease as 1/r3 with the increasing dis-
tance from the particle center. The effect of these fields manifests itself 
differently for particles of different sizes. In sufficiently coarse 
(20–40 nm) particles, only the particle regions that are in direct contact 
with neighboring particles experience the effect of the scattering fields. 
In this case, the scattering fields only lead to the appearance of an 
additional low-intensity absorption line in the FMR spectrum, the 
resonance field of which is weaker than that of the main line [80,81]. In 
the case of fine nanoparticles, the entire particle volume is obviously 
affected by the inhomogeneous scattering field of neighboring particles. 
In addition, it is important that, with a small spread of particle sizes, 
close-packed structures can form, so that each particle is affected by 
inhomogeneous scattering fields of 10–12 neighboring particles. All this 
causes a strong broadening of the FMR absorption line of fine nano-
particles. According to the experimental data, the ΔH values for the 
remaining samples with suppressed MIPIs are approximately the same. 

The integrated intensity of the absorption lines decreases mono-
tonically with the increasing temperature (Fig. 12b). The non- 
monotonic behavior of the I(T) dependence was reported in [75,77,78, 
88–90] and interpreted as a transition to the SPM state, since the inte-
grated intensity is proportional to the magnetization. In the FMR tech-
nique, the characteristic measurement time τm (in Eqs. (1), (2)) is 
considered to be inversely proportional to the microwave field fre-
quency [49,68–71]. For the investigated ferrihydrite samples, no pro-
nounced maximum is observed in the I(T) dependence (including line 1 
for the sample FH-bio) above 100 K. Possibly, the processes of freezing 
of the particle magnetic moments, as well as the surface spins, occur at 
lower temperatures; moreover, under the resonance conditions, the 
particle magnetic moments are in an external field, which shifts the 
temperature of the transition to the unblocked state toward lower 
temperatures. In addition, the I(T) maximum possibly smears due to the 
distribution over the particle magnetic moments. 

Concerning the need for two Lorentzian lines to describe the spectra 
of the sample FH-bio, the parameters of line 1 are similar to those for the 
other samples (see Fig. 12). In sample FH-bio, the average particle size is 
smaller; in such fine ferrihydrite particles, a core–shell structure is 
pronounced even under the weak MIPIs [43]. Line 2 can be interpreted 
as a response from the surface spins. 

Thus, the main effect of the MIPIs on the shape and parameters of the 
FMR spectra can be considered to be a significant broadening of the 
resonance absorption line for sample FH-0, in which particles contact 
directly. In the case of particles coated with arabinogalactan, the line-
width decreases and remains approximately the same for all the inves-
tigated samples. 

6. Conclusions 

In the investigated series of powder systems of ferrihydrite nano-
particles with different degrees of organic coating, the effect of the MIPIs 
gradually weakens in the sample series FH-0, FH-1, FH-2, FH-3 and FH- 
bio. In this series, particles in the samples FH-1, FH-2 and FH-3 were 
coated with arabinogalactan, while in the biogenic sample FH-bio, the 
ferrihydrite particles had a natural organic coating formed under the 
nanoparticle synthesis conditions. A conclusion about a monotonic 
change in the MIPI intensity was drawn from the comparative analysis of 
the dynamic and static magnetic properties of the investigated systems, 
which consist of ferrihydrite nanoparticles with the same size and 
similar magnetic properties. The temperature of the transition from the 

Fig. 11. FMR spectra of the investigated samples at relatively (a) low and (b) 
high temperatures. The temperatures indicated in (a) and (b) are averaged. The 
spectra in (a) were obtained at T = 130, 129, 126, 139 and 135 K and the 
spectra in (b), at T = 251, 256, 259, 254 and 254 K for samples FH-0, FH-1, FH- 
2, FH-3 and FH-bio, respectively. Thin lines show the results of processing of 
the spectra for sample FH-bio by two Lorentzian lines (line 1 and line 2). 
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SPM to blocked state shifts by tens of degrees, comparing the behaviors 
of the extreme samples in the series. 

The analysis of the temperature dependences of relaxation times τ 
(the characteristic time of reversal of the particle magnetic moment 
ranging from 10–10 to 102 s) showed that, as applied to the investigated 
systems, one can speak mainly about the collective effects of freezing of 
the particle magnetic moments, i.e., the SSG-type state. Exponents zν in 
the scaling law (6) correspond to spin-glass behavior; it was found that 
the zν value increases smoothly with the decreasing MIPI intensity 
(Table 1). The observed evolution of the ac susceptibility and hysteresis 
loops upon variation in the MIPI intensity is indicative of a significant 
role played by the surface spin subsystem in the collective processes of 
freezing of the particle magnetic moments. Moreover, the strong MIPI in 
the initial synthetic ferrihydrite (sample FH-0) leads to a significant 
increase in the FMR linewidth. These properties can be explained 
considering the collective effect of surface spins of neighboring particles 
and, consequently, the effect of local fields on the unblocking and 
resonance absorption processes. 
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anisotropy in ferrihydrite nanoparticles synthesized from reverse micelles, 
Nanotechnology 17 (2006) 5549, https://doi.org/10.1088/0957-4484/17/22/ 
004. 
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